Impaired dual tasking, namely the inability to concurrently perform a cognitive and a motor task (e.g. 'stops walking while talking'), is a largely unexplained and frequent symptom of Parkinson's disease. Here we consider two circuit-level accounts of how striatal dopamine depletion might lead to impaired dual tasking in patients with Parkinson's disease. First, the loss of segregation between striatal territories induced by dopamine depletion may lead to dysfunctional overlaps between the motor and cognitive processes usually implemented in parallel cortico-striatal circuits. Second, the known dorso-posterior to ventro-anterior gradient of dopamine depletion in patients with Parkinson's disease may cause a funnelling of motor and cognitive processes into the relatively spared ventro-anterior putamen, causing a neural bottleneck. Using functional magnetic resonance imaging, we measured brain activity in 19 patients with Parkinson's disease and 26 control subjects during performance of a motor task (auditory-cued ankle movements), a cognitive task (implementing a switch-stay rule), and both tasks simultaneously (dual task). The distribution of task-related activity respected the known segregation between motor and cognitive territories of the putamen in both groups, with motor-related responses in the dorsoposterior putamen and task switch-related responses in the ventro-anterior putamen. During dual task performance, patients made more motor and cognitive errors than control subjects. They recruited a striatal territory (ventro-posterior putamen) not engaged during either the cognitive or the motor task, nor used by controls. Relatively higher ventro-posterior putamen activity in controls was associated with worse dual task performance. These observations suggest that dual task impairments in Parkinson's disease are related to reduced spatial focusing of striatal activity. This pattern of striatal activity may be explained by a loss of functional segregation between neighbouring striatal territories that occurs specifically in a dual task context.
Introduction
We often take for granted the ability to walk while simultaneously talking, thinking, or navigating. In fact, combining walking with another task is an instance of dual tasking, and it requires the cognitive ability to perform multiple activities in parallel. For patients with Parkinson's disease, impaired dual tasking is an important clinical problem (Kelly et al., 2012) . When combining walking with another task, performance on one or both tasks deteriorates (Hausdorff et al., 2003; Yogev et al., 2005; Bloem et al., 2006; Kelly et al., 2012; Wild et al., 2013) . This has major consequences such as falls, loss of independence, and reduced quality of life (Bloem et al., 2006; Rubenstein and Josephson, 2006; Kelly et al., 2012) .
Here we consider two circuit-level accounts of impaired dual tasking in patients with Parkinson's disease, in a clinical population with an increased risk of falls. Both accounts elaborate on the consequences of striatal dopamine depletion, the pathophysiological hallmark of Parkinson's disease. The first account is built on the finding that dopamine depletion disturbs the parallel organization of corticostriatal circuits. Normally, the cortico-striatal system is organized in distinct loops, each supporting domain-specific computations (e.g. motor, cognitive, and motivational loops) (Alexander et al., 1986; Middleton and Strick, 2000; Rodriguez-Oroz et al., 2009; Tremblay et al., 2015; Howe and Dombeck, 2016) . It has been suggested that these circuits operate in parallel, enabling simultaneous execution of two tasks Fischer and Plessow, 2015) . Primate studies indicate that this parallel organization might be lost in Parkinson's disease: parkinsonian animal models had increased functional interactions between normally segregated cortico-striatal circuits, as compared to healthy animals (Bergman et al., 1998; Calabresi et al., 2015) . Accordingly, the loss of segregation between cortico-striatal circuits induced by dopamine depletion may lead to dysfunctional overlaps between the motor and cognitive processes implemented in those parallel circuits during dual tasking (Pessiglione et al., 2005) .
The second account is built on the finding that dopamine depletion in Parkinson's disease is not homogeneous-the dorso-posterior putamen is most affected and the ventro-anterior striatum is least affected (Kish et al., 1988; Bruck et al., 2006) . The dorso-posterior putamen is involved in simple response selection and automatic movement (Jankowski et al., 2009) , functions that are impaired in Parkinson's disease (Wu et al., 2015a) . Functional connectivity with the motor system is shifted from posterior to anterior putamen both in patients with Parkinson's disease Hacker et al., 2012; Wu et al., 2015b) and in preclinical LRRK2 (leucinerich repeat kinase 2) mutation carriers at increased risk of developing Parkinson's disease (Helmich et al., 2015b) . Accordingly, patients with Parkinson's disease showed reduced posterior putamen and increased anterior putamen activity during automatic finger movements (Wu et al., 2015b) . This forward shift of functionality might create a computational overlap between simple response selection and the cognitive control processes implemented in the ventro-anterior striatum (Jueptner and Weiller, 1998; Yildiz and Beste, 2015) , causing a neural bottleneck that prevents performing motor and cognitive tasks at the same time.
Here, we investigated which of these two hypotheses best explains dual task impairments in Parkinson's disease. To this end, we used two validated tasks (motor and cognitive), each associated with a specific pattern of cortico-striatal activity, and each relying on independent sensory inputs and motor outputs. The motor task involved auditorily-paced ankle flexions/extensions and the cognitive task involved the implementation of a switch/stay rule on visual stimuli with manual responses. Crucially, subjects also performed both tasks at the same time (dual task). We tested whether patients with Parkinson's disease would show more widespread striatal activity, as predicted by the 'loss of segregation' hypothesis. We also tested whether patients with Parkinson's disease showed a posterior to anterior shift in motor task related activity, and an overlap between motor and cognitive-related activity in the anterior putamen, as predicted by the 'neural bottleneck' hypothesis.
Materials and methods

Participants
We included 32 patients with Parkinson's disease and 27 ageand gender-matched healthy control subjects from the V-TIME (virtual reality-treadmill combined intervention for enhancing mobility and reducing falls in the elderly) project (Mirelman et al., 2013 (Mirelman et al., , 2016 . This project aimed to evaluate the efficiency of combined motor and cognitive gait training on fall risk (Mirelman et al., 2016) and to explore neural activation during dual task conditions. Inclusion criteria for patients with Parkinson's disease were: (i) clinical diagnosis of idiopathic Parkinson's disease, according to the UK Brain Bank criteria; (ii) 60 years old or older; (iii) self-reported walking difficulties; (iv) two or more near-falls (Maidan et al., 2014) in the previous 6 months or adapted behaviour to avoid falls; and (iv) able to walk 5 min without personal help. We selected patients with Parkinson's disease with gait and balance disorders, given the close relationship between dual task difficulties and falls (Kelly et al., 2012) . Healthy control participants had to be 60 years or older and have no self-reported walking difficulties. Exclusion criteria for both groups were MRI contraindications, a history of traumatic brain injury or stroke, major depression according to the DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-IV) criteria, clinical diagnosis of dementia or severe cognitive impairment (score lower than 24 on the Mini-Mental State Examination). All participants participated voluntarily and gave their written informed consent prior to starting the study. The study was approved by the ethical committee 'Commissie mensgebonden onderzoek (CMO) region Arnhem-Nijmegen' and was performed according to the principles of the Declaration of Helsinki. Patients with Parkinson's disease were measured while on their own dopaminergic medication (i.e. in the ON medication state), to reduce drop-out due to worsening of symptoms.
Of the 32 initially included patients with Parkinson's disease, 13 were excluded from the analyses. For five patients the dual task was too difficult, three had severe kyphosis and therefore could not lie supine in the scanner for the required duration. Another five patients were excluded during data processing because they did not comply with the protocol (four patients) or performed below chance level (one patient). Of the 27 included healthy controls, 26 were included in the analyses. One participant was excluded because she did not comply with the protocol.
Experimental design
The experimental design consisted of a cognitive task, a motor task and the combination of these tasks simultaneously (i.e. dual task performance, Fig. 1 ).
During cognitive task performance, participants had to implement a switch-stay rule in a task based on previous experiments including incongruent arrow-word combinations (Aarts et al., 2009 (Aarts et al., , 2010 (Aarts et al., , 2012 (Aarts et al., , 2014 . When arrow-word combinations were framed with a square, participants had to respond to the meaning of the word, and when framed with a diamond they had to respond to the direction at which the arrow pointed. Task-repeat trials were trials in which the frame was identical to the previous trial, task-switch trials were trials in which the frame differed from that of the previous trial. Subjects responded with their index and middle finger of one hand. Patients with Parkinson's disease who showed upper limb tremor used the hand least affected by tremor, otherwise the hand of preference was used. Eight healthy controls used their non-preferential hand to match patients with Parkinson's disease who had to do this. We controlled for response switching (i.e. pressing the opposite or the same response button as in the previous trial) by equally dividing response-switch and response-repeat trials over the conditions of interest (taskswitch and task-repeat trials).
During the motor task, participants pressed left and right foot buttons in an alternating manner with first metatarsal phalangeal joints by performing ankle plantar and dorsiflexion at an auditorily-cued rate of 0.8 Hz. This is similar to the rate of dorsiflexion movements during walking at casual speeds (Dobkin et al., 2004) . Similar protocols have been successfully used for investigation of neural networks of gait (Naismith and Lewis, 2010; Katschnig et al., 2011; Shine et al., 2011 Shine et al., , 2013 Schwingenschuh et al., 2013) . Participants were instructed to gently press the foot buttons, were lying with slightly flexed knees with a pillow under their calves, and free ankles to minimize head motion.
The whole protocol consisted of six blocks with a single cognitive task only (Fig. 1A) , and six blocks that started with 30 s of single motor task, followed by the dual task (motor and cognitive task, Fig. 1B ). This allowed us to consider the effect of dual task performance on the cognitive and the motor task independently. To do so, we modelled four tasks of interest: (i) single cognitive task (task-switch versus repeat trials; event-related); (ii) dual cognitive task (taskswitch versus repeat trials; event-related during an ankle movement block); (iii) single motor task (block); and (iv) dual motor task (block). Figure 1 Schematic overview of the dual task paradigm. Two types of blocks were presented in alternating order, six times each, resulting in a total of 12 blocks. (A) Single cognitive task block, including 24 trials (duration 2.2 min). (B) Combined block of single motor and dual task. These blocks started with 30 s of single motor task, followed by simultaneous motor and cognitive task performance (24 trials cognitive task, duration 2.2 min). In both types of blocks, trials were presented for 2 s with a random intertrial interval of 2.5 to 4.5 s. The order of the two blocks (start with one of the two) was counterbalanced across subjects. For each individual a unique pseudorandomization of the 288 trials of the cognitive task was made. With four conditions (single task versus dual task, task switch versus task repeat), this gave 62 to 74 trials per condition. The total duration of the functional MRI experiment was $37 min.
Experimental procedures
All participants visited our centre on two separate days. On one of these days, we assessed general participant characteristics (Table 1) . During the second visit, the MRI assessment was performed. After standardized verbal instructions, participants extensively practiced both single tasks and the dual task in a dummy magnetic resonance scanner. Practice continued until participants were able to perform the task with few mistakes (maximum of 1.5 h). After a break of 15 to 30 min, participants performed the task in the real magnetic resonance scanner ($37 min).
Behavioural analysis
Behavioural data were analysed using IBM SPSS (statistical package for the social sciences) Statistics version 21. For the motor task, we quantified behavioural performance by calculating the movement frequency error as a measure of accuracy. This was done by taking the absolute difference between the mean frequency of recorded button presses and the frequency of the auditory cues (0.8 Hz), separately for the single and dual motor task. To maximize the homogeneity of variances between groups, we normalized the movement frequency error by using a 2 Â arcsinˇÂ transformation (Sheshkin, 2003) . Then we performed a two-way repeated measures ANCOVA (analysis of covariance) with within-subjects factor Context (single versus dual) and between-subjects factor Group (healthy control versus Parkinson's disease). Gender was added as covariate, given a numerical (but not significant) difference between the two groups.
For the cognitive task, we quantified behavioural performance by calculating the average error rates and reaction times for each of the task conditions. Error rates were calculated as the mean proportions of incorrect responses of answered trials (excluding missed trials), and were normalized using the same formula as outlined above for the motor task. Reaction times were transformed by calculating the natural logarithm (ln) to achieve a normal distribution. Then we performed a three-way repeated measures ANCOVA, separately for error rates and reaction times, with within-subjects factors TaskOrder (switch versus repeat), and Context (single versus dual), and between-subjects factor Group (healthy control versus Parkinson's disease). Gender was added as covariate. To control for altered speed-accuracy trade-off during the cognitive task, we corrected the error rates by dividing them with average reaction times (for each condition), and then performed the same ANCOVA on those ratio scores (also known as Efficiency) (Townsend and Ashby, 1983; Woltz and Was, 2006; Nixon et al., 2007; Machizawa and Driver, 2011) . In all behavioural analyses, statistical significance was assumed when P 5 0.05.
Functional MRI image acquisition and preprocessing
Images were acquired on Siemens TRIO and PRISMA 3 T MRI systems (Siemens) equipped with echo planar imaging (EPI) capabilities, using a 32-channel head coil for radio frequency transmission and signal reception. Blood oxygen leveldependent (BOLD) sensitive functional images were acquired using a multiecho sequence (repetition time 2.24 s, five echoes with echo time 9.3-50 ms, 32 axial slices, voxel size = 3.5 Â 3.5 Â 3.0 mm, interslice gap of 0.5 mm, field of view = 224 mm). High resolution anatomical images were acquired using an MP-RAGE (magnetization-prepared rapid gradient-echo) sequence (repetition time = 2300 ms, echo time = 3.03 ms, voxel size = 1.0 Â 1.0 Â 1.0 mm, 192 sagittal slices, field of view = 256 mm, scanning time $5 min). Data were collected on two different scanners, because our magnetic resonance system was updated during data collection. Of included subjects, 10 healthy control subjects and six patients with Parkinson's disease were scanned on the TRIO and 16 healthy controls and 13 patients were scanned on the PRISMA [no significant group difference, (1) = 0.2, P = 0.63].
Data were analysed using SPM12 (Statistical Parameter Mapping, http://www.fil.ion.ucl.ac.uk/spm) and FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). First, we combined the five echoes to form a single time series (equal weights of all echoes). Second, we performed thorough de-noising of the functional MRI images, to remove motion artefacts caused by slight head movements introduced by the ankle movements. Specifically, we used principle components analyses (PCA) to filter out slice-specific noise components (i.e. before normalization). Subsequently, we used ICA-AROMA (independent component analysis-based automatic removal of motion artefacts) to remove noise components in an automated, observer-independent manner (Pruim et al., 2015a,b) . As ICA-AROMA was scripted in FSL, we performed several steps in FSL before data Values are mean AE standard deviation, frequency or median (range). All tests were administered in the ON medication state for patients with Parkinson's disease. The Mini-Mental State Examination (MMSE, possible range 0-30) was assessed for general cognitive functioning (Folstein et al., 1975) , Frontal Assessment Battery (FAB, possible range 0-18) for frontal lobe functioning (Dubois et al., 2000; van Loo et al., 2007) , Falls efficacy scale -International (FES-I, possible range 16-64) for fear of falling (Yardley et al., 2005) and the Physical Activity Scale for the Elderly (PASE, possible range 0-361) for the level of physical activity (Craig et al., 2003) . For Parkinson's disease patients, we also assessed the Unified Parkinson's Disease Rating Scale (UPDRS, possible range part III 0-132) for severity of disease symptoms (Goetz et al., 2007) , and the freezing of gait questionnaire (FOG-Q, possible range 0-32) for severity of freezing of gait (Nieuwboer et al., 2009) . To obtain a standardized measure of antiparkinsonian drug treatment, we calculated the levodopa equivalent daily dose (LEDD) (Tomlinson et al., 2010) for each participant. PD = Parkinson's disease.
were entered into ICA-AROMA: image registration, motion correction, non-brain removal, spatial smoothing (using a Gaussian kernel of 5 mm full-width at half-maximum) and grand-mean intensity normalization (Jenkinson and Smith, 2001; Jenkinson et al., 2002; Smith, 2002; Andersson et al., 2007) . Output images from ICA-AROMA, which were realigned and in native space, were then further analysed using SPM12, i.e. they were (i) slice time-corrected to the first slice; (ii) co-registered to a structural MRI image; (iii) normalized to MNI (Montreal Neurological Institute) space using the ICBM (international consortium for brain mapping) space template for European brains; and (iv) spatially smoothed using a 5 mm Gaussian kernel. Structural images were segmented and normalized using a unified segmentation approach (Ashburner and Friston, 2005) .
Functional MRI analysis
For each participant, we performed a multiple regression analysis at the first level using the general linear model implemented in SPM12. We modelled the cognitive task conditions using an event-related approach for the four conditions of interest: Context (single versus dual task) and TaskOrder (repeat versus switch). Trials were modelled as squarewave functions time-locked to stimulus onset, with a duration corresponding to the mean reaction time over all arrow-word trials of that condition. Missed and incorrect trials were included as separate regressors. We modelled the motor task by including two regressors: the single motor task (six blocks of 30 s) and the dual motor task (six blocks of 2.2 min). Finally, we included a regressor for instructions, and several nuisance regressors to correct for motion artefacts and nonneural noise: the averaged signal intensity of each scan (Power et al., 2014) , the time course of bilateral ventricles, and the time courses of the components identified and removed as noise by the PCA slice-wise filter. Motion parameters were not included, since ICA-AROMA already removed these components from the functional MRI data (Pruim et al., 2015a, b) . Parameter estimates for all regressors were obtained by restricted maximum-likelihood estimation, and a temporal high pass filter with 128 s cut-off was used. Temporal autocorrelation was modelled as a first-order-auto-regressive-AR(1)-process.
Next we defined several contrasts of interest at the first level. First, we identified brain regions showing a main effect of Task-Order (task-switch 4 task-repeat), averaged over all conditions (i.e. single and dual task), and restricted to the single task. Second, we identified brain regions showing an interaction between Context (dual task 4 single task) and TaskOrder (task-switch 4 repeat). Third, we identified brain regions showing ankle movement-related activity, averaged over both conditions (single and dual task), and restricted to the single task. Fourth, we identified brain regions showing a main effect of Context (dual task 4 single task) on movementrelated activity. These contrasts were taken to the second level and entered into a one-sample (within groups) or two-sample (between groups) t-test, with gender as covariate. For detection of activated areas and group differences on whole brain level, we used a cluster-forming threshold of P = 0.001, with cluster level whole brain corrected (family wise error, FWE) P 5 0.05 as significance threshold (Eklund et al., 2016; Flandin and Friston, 2016) . The anatomy toolbox (Eickhoff et al., 2005) was used to anatomically localize clusters of activity. Furthermore, given our a priori hypotheses on striatal dysfunction, we applied a volume of interest analysis (bilateral putamen) for group comparisons on the contrasts defining a dual task effect (interaction between Context and Task-Order and the effect of Context on movement-related activity). We took the putamen volume of interest from the AAL (Automated Anatomical Labeling) atlas (Tzourio-Mazoyer et al., 2002) . For these analyses, we used a threshold of P = 0.05, with peak value small volume FWE corrected P 5 0.05 as significance threshold.
For voxels showing significant differences in dual taskrelated activity between healthy controls and patients with Parkinson's disease, we related brain activity to behavioural performance (using Pearson correlation coefficients). Post hoc, we tested for lateralization of our findings by flipping our contrast images in the axial plane and statistically comparing the effects (shown in Fig. 5 ) between hemispheres (Helmich et al., 2011) .
Activity of putamen subregions
To test for a potential shift of activity in the striatum in patients with Parkinson's disease, as predicted by the neural bottleneck hypothesis, we subdivided the putamen as described before (Helmich et al., 2015) , i.e. into dorso-posterior, ventroposterior, dorso-anterior and ventro-anterior subregions. The borders between the four regions were transverse and coronal planes passing through MNI coordinates z = 0 and y = 0, respectively. This approach allowed us to directly compare cognitive and motor-related activity between putamen subregions and thereby test for task-specific functional organization. We quantified activity of these subregions by extracting mean beta values for single motor (contrast: single motor 4 baseline) and single cognitive tasks (contrast: task-switch 4 repeat in single task conditions) using MarsBaR (Brett et al., 2002) . We used repeated measures ANOVA with factors Task (motor versus cognitive), Group (healthy control versus Parkinson's disease) and Subregion (dorso-posterior, ventro-posterior, dorso-anterior and ventro-anterior putamen) on these values.
Results
Characteristics of included participants are presented in Table 1 . Both patients with Parkinson's disease and controls were able to perform the tasks in the magnetic resonance scanner without excessive head motion. The average scan-to-scan displacement was 0.12 AE 0.07 mm for patients with Parkinson's disease and 0.11 AE 0.05 mm for control subjects, with maxima of 1.7 and 2.3 mm, respectively. These motion parameters did not differ between patients with Parkinson's disease and controls (all P-values 4 0.5).
Behavioural performance Task switching
Patients with Parkinson's disease made more errors during cognitive task performance than healthy controls [controls: mean error rate 2.23 AE 1.77%; patients: 4.37 AE 2.41%; main effect Group; F(1,42) = 12.8, P = 0.001]. During dual tasking, task-switch trials led to more errors in patients with Parkinson's disease than in healthy controls, relative to task-repeat trials and single tasking [ Fig Cerebral activity related to task switching and ankle movements
Task switching
Both healthy controls and patients with Parkinson's disease showed significant task switch-related activity in the precuneus and superior parietal lobule (Fig. 3, Table 2 and Supplementary Fig. 1 ). Healthy controls also showed switch-related activity in left inferior parietal lobule and left superior frontal gyrus. This corresponds well with previous studies, where task switch-related activity was found in the precuneus (Yeung et al., 2006; Kim et al., 2012; Aarts et al., 2014; De Baene et al., 2015) , inferior parietal lobule (Yeung et al., 2006; Aarts et al., 2010 Aarts et al., , 2014 De Baene et al., 2015) , and superior frontal sulcus (De Baene et al., 2015) . There were no regions showing differential switch-related activity between groups (Supplementary Fig. 3 ).
Ankle movements
Motor task performance was associated with increased activity in a large cluster over medial frontal and paracentral lobules, both in healthy controls and in patients with Parkinson's disease (Fig. 3, Table 3 and Supplementary  Fig. 2 ). This cluster included regions within the primary and supplementary motor areas where ankle movements are represented (Lotze et al., 2000; Cunningham et al., 2013) . Other clusters with significant activity in both healthy controls and patients with Parkinson's disease were located in the cerebellum and bilateral temporal gyri. The latter corresponds to the auditory cortex (Moerel et al., 2014) , likely reflecting the presence of the auditory pacing cues. This pattern of activity is in line with studies using similar motor tasks, which found activity in the supplementary motor area (Dobkin et al., 2004; Katschnig et al., 2011) , primary motor and sensory cortices (Dobkin et al., 2004; Hollnagel et al., 2011; Katschnig et al., 2011) , cerebellum (Dobkin et al., 2004; Katschnig et al., 2011) and parietal areas (Dobkin et al., 2004; Hollnagel et al., 2011) . There were no regions showing differential ankle movement-related activity between groups ( Supplementary Fig. 3 ).
Cerebral activity related to task switching and ankle movements
We tested for a shift in task-related activity in patients with Parkinson's disease (as predicted by the neural bottleneck hypothesis) by contrasting cerebral activity in putamen subregions between tasks and groups. Over both groups, the distribution of activity over putamen subregions differed between task switching and ankle movements [ Given these results, we tested for functional organization in task switching and ankle movements separately.
Task switching
Across groups, task switch-related activity during single task conditions was different across subregions of the putamen [main effect Subregion F(3,129) = 5.6, P = 0.001, Fig. 4 ]. More specifically, the ventro-anterior putamen showed more task switch-related activity than ventro-posterior putamen (post hoc Bonferroni corrected P = 0.011) and tended to have more task switch-related activity than the dorso-posterior putamen (post hoc Bonferroni corrected Moerel et al., 2014 . BA = Brodmann area; M1 = primary motor cortex; PFm = parietal foramina; S1 = primary somatosensory cortex; SMA = supplementary motor cortex. P = 0.070). Task switch-related activity in the ventro-anterior putamen was significant in patients [t(18) = 2.2, P = 0.040], but failed to reach significance in controls (BOLD time courses shown in Supplementary Fig. 4A ).
There was no main effect of Group [F(1,43) = 0.6, P = 0.426], and no interaction between Group and Subregion [F(3,129) = 0.3, P = 0.836], suggesting that the functional specialization of single task-related activity across the putamen was similar between groups.
Ankle movements
In both groups, single task motor-related activity was different across the putamen [main effect Subregion F(3,129) = 13.8, P 5 0.001], such that the dorso-posterior putamen had significantly more motor-related activity than each of the other three putamen subregions (post hoc Bonferroni corrected P 5 0.001). In both groups, motor task-related activity was significant for the dorso-posterior putamen [controls: t(25) = 4.0, P 5 0.001; patients: t(18) = 2.4, P = 0.029, BOLD time courses shown in Supplementary Fig. 4B ]. There was no main effect of Group [F(1,43) = 0.1, P = 0.796], and no interaction between Group and Subregion [F(3,129) = 0.6, P = 0.595], suggesting that the functional specialization of single motor-related activity across the putamen was similar between groups. Taken together, we observed two different gradients of task-related activity across the striatum, with the ventroanterior putamen being preferentially involved in the cognitive task and the dorso-posterior putamen being preferentially involved in the motor task. These gradients were similar between groups.
Differential dual task-related activity between groups
To test for more widespread striatal activity in patients with Parkinson's disease (as predicted by the loss of segregation hypothesis), we implemented voxel-by-voxel analyses for both task switching and ankle movement related activity.
Task switching
Patients with Parkinson's disease showed significantly larger switch-related activity during the dual task versus the single task condition, as compared to controls, in the right ventro-posterior putamen ( Fig. 5A and B , region of interest analysis in the bilateral putamen, Group Â Context Â Task-Order; MNI [34, À 14, À 6], T = 4.2, P = 0.039 FWE corrected, BOLD time course shown in Supplementary Fig. 5A ). Post hoc analyses revealed these effects were not lateralized. When focusing only on the dual task condition, patients showed higher switch-related activity than healthy controls in the bilateral ventro-posterior putamen (Group Â Task-Order interaction; MNI [34,À12,À6], T = 4.3, P = 0.029; MNI [À30,À4,À4], T = 4.2, P = 0.037 FWE corrected). According to a large striatal topography study based on resting-state functional connectivity, the voxels in right ventro-posterior putamen were part of the fronto-parietal network (with confidence values of 0.63 and 0.58) (Choi et al., 2012) . Region of interest (putamen) or whole brain analyses did not reveal additional brain regions showing differential task-related activity between groups. Activity in the region showing the three-way interaction did not correlate with error rates in patients with Parkinson's disease (r = À0.20, P = 0.41) or in healthy control subjects (r = 0.15, P = 0.46).
Ankle movements
Patients with Parkinson's disease showed higher dual taskrelated activity in the left ventro-posterior putamen than healthy controls, reflected in reduced deactivation in the dual task context (Fig. 5A and B , region of interest analysis in the bilateral putamen, Group Â Context; MNI [À30,À12,À8], T = 4.5, P = 0.017 FWE corrected, BOLD time course shown in Supplementary Fig. 5B ). Post hoc analyses revealed these effects were not lateralized. The voxel showing this effect was, like the voxels showing cognitive task effects, part of the fronto-parietal network (with a confidence value of 0.96) (Choi et al., 2012) . In healthy controls, dual motor-related activity in the ventro-posterior putamen was associated with detrimental task performance (Fig. 5C , positive correlation with movement frequency error; r = 0.44, P = 0.03). This association was not significant in patients with Parkinson's disease. Region of interest (putamen) or whole brain analyses did not reveal other areas with differential dual task-related activity between groups. Taken together, these findings show that patients with Parkinson's disease had increased activity in the ventro-posterior putamen compared to control subjects, both for the motor and the cognitive task, but in both tasks specific to the dual task context. Deactivations during the motor task were not an artefact of global signal regression (see Supplementary Fig. 6 for analyses without global signal regression). In fact, the limited sampling of a baseline signal (linked to the need to keep the length of the task within feasible limits) prevents us from making clear inference on the characteristics of this effect. In controls, the magnitude of activity in the ventro-posterior putamen predicted worse dual task performance.
Discussion
We investigated the neural mechanisms underlying impaired dual tasking in Parkinson's disease. To this end, we compared brain activity during a single motor task (ankle movements), a single cognitive task (task switching), and dual performance of both tasks in parallel, between patients with Parkinson's disease and healthy controls. There are three main findings. First, patients with Parkinson's disease made more behavioural errors during dual tasking, both for the cognitive task (increased switch cost) and for the motor task (increased movement frequency error). Second, both patients and controls showed regionally specific task-related activity in the striatum, such that the ventro-anterior putamen was preferentially involved in task switching, while the dorso-posterior putamen was preferentially involved in executing ankle movements. Third, compared to control subjects, patients with Parkinson's disease showed increased cerebral activity in the ventro-posterior putamen during dual tasking, both for the cognitive task (increased switch-related activity) and for the motor task (smaller deactivation). In controls, activity in the ventro-posterior putamen was associated with increased motor costs during dual task performance. Taken together, these findings suggest that increased activity in the ventro-posterior putamen is associated with dual tasking deficits in Parkinson's disease. Below, we elaborate on possible neural mechanisms underlying these findings.
Loss of segregation in Parkinson's disease
We aimed to distinguish between two circuit-level accounts underlying dual tasking difficulties in Parkinson's disease: a loss of segregation or a neural bottleneck in the striatum. The loss of segregation hypothesis would predict that dualtask performance leads to more widespread task-related striatal activity, including areas that are not beneficial for task performance. Conversely, the neural bottleneck hypothesis would predict a posterior-to-anterior shift in motor task-related activity in the striatum, and an overlap between motor-and task switch-related activity in the anterior putamen.
The current findings appear to fit with the loss of segregation hypothesis. As predicted by this hypothesis, we found more widespread striatal activity during dual tasking in patients with Parkinson's disease than controls, namely in the ventro-posterior putamen. This activity likely reflects an overspill of activity from neighbouring striatal regions, i.e. the dorso-posterior putamen involved in the motor task and the ventro-anterior putamen involved in the cognitive task. Our data support this view: dorso-posterior putamen was preferentially involved in the motor task, and ventroanterior putamen was preferentially involved in the cognitive task. Furthermore, activity in the ventro-posterior putamen did not appear to be beneficial for dual task performance: patients with Parkinson's disease made more dual task errors than controls, and healthy controls with relatively high dual task-related activity in the ventro-posterior putamen made more errors than healthy controls with relatively low activity in the ventro-posterior putamen. These observations add an important qualification to the notion of loss of segregation in the striatum of patients with Parkinson's disease. Namely, striatal activity extended to the ventro-posterior putamen only in the presence of dual task demands. This suggests that the loss of segregation within the striatum is not a structural property of the Parkinson's disease's brain. Rather, it may arise when functional demands exceed the residual computational abilities of motor and cognitive portions of the striatum. The current findings do not support the neural bottleneck hypothesis. We did not find reduced dorso-posterior activity during motor task performance in Parkinson's disease and, consequently, no shift of this activity towards more anterior putamen.
Studies using animal models of Parkinson's disease point to neuronal mechanisms underlying the loss of segregated cortico-striatal processing. For instance, striatal dopamine depletion leads to increased lateral connections between medium spiny neurons and axonal sprouting of dopaminergic terminals into the denervated striatal parts (Brotchie and Fitzer-Attas, 2009; Bronfeld and Bar-Gad, 2011; Gittis and Kreitzer, 2012; Zeng et al., 2012; Greenbaum et al., 2013; Schmitz et al., 2013; Galvan et al., 2015) . This may bring about more widespread distribution of dopamine over the striatum (Stanic et al., 2003) . Accordingly, a PET study found that transcranial magnetic stimulation of the motor cortex in patients with early Parkinson's disease caused dopamine release in a larger area of the putamen in the symptomatic hemisphere than in the asymptomatic hemisphere (Strafella et al., 2005) . In Parkinson's disease, the ventro-posterior putamen is relatively spared from dopamine depletion (Oh et al., 2012) . Thus, it is tempting to speculate that the dual task context triggered, in patients with Parkinson's disease, a recruitment of all dopaminergic projection fibres available to the striatal territories involved in the task, thereby incidentally increasing dopaminergic activity in neighbouring striatal areas not necessary for the task (i.e. the ventro-posterior putamen). Support for this idea comes from animal model studies showing that the loss of segregation within the striatum (experimentally induced by acute dopamine depletion) was most pronounced for more complex tasks (Lemaire et al., 2012) . This suggests that the functional blurring between different cortico-striatal circuits in Parkinson's disease is not only driven by structural striatal abnormalities, but depends on the computational demands and temporal constraints of the tasks being performed.
Could the increased ventro-posterior putamen activity be compensatory?
It might be argued that the increased ventro-posterior putamen activity in patients with Parkinson's disease reflects compensation. For instance, based on its functional connectivity, the ventro-posterior putamen is part of the fronto-parietal network (Choi et al., 2012) , i.e. a network important for initiation and modulation of cognitive control (Li et al., 2015) and for internal guidance of attention (Katsuki and Constantinidis, 2014) . Those functions are crucial elements for dual task performance. Increased activity of this network during various cognitive tasks has been taken as compensation for age-related processing deficits (Li et al., 2015) , and was found during dual tasking in patients with Parkinson's disease (Wu and Hallett, 2008) . Accordingly, ventro-posterior putamen hyperactivity in Parkinson's disease during working memory tasks was interpreted as compensatory (Passamonti et al., 2013; Poston et al., 2016) . On the other hand, given that patients with Parkinson's disease showed behavioural dual task impairments, compensation was either not present or ineffective. Thus, it is more likely that the increased ventro-posterior putamen activity observed in Parkinson's disease patients is dysfunctional (Price and Friston, 1999) . Furthermore, in controls, higher ventro-posterior putamen activity was correlated with worse performance, suggesting a detrimental instead of compensatory role of this region. Finally, our patients generally were in advanced stages of the disease, as reflected in relatively long disease duration and the presence of postural instability (Maetzler et al., 2013) . In advanced stages of the disease, compensation is less likely to occur than in earlier stages of the disease and, if present, likely takes place outside the basal ganglia (Bezard et al., 2003; Jankovic, 2005; Lo, 2010; Wu and Hallett, 2013) . Therefore, it appears unlikely that the increased ventro-posterior putamen activity reflects compensation.
Interpretational issues
A limitation of the current study is that, with a correlational technique such as functional MRI, no definite conclusions can be drawn as to whether cerebral activity is causally related to task performance and should thus be interpreted as dysfunctional or compensatory. Therefore, interventional studies are needed that interfere with activity in an area, for example with transcranial magnetic stimulation, and test for the behavioural consequences of this intervention (van Nuenen et al., 2012) . This has never been done to establish the involvement of areas in the frontostriatal circuitry during dual tasking in Parkinson's disease, which remains a topic for future research.
A second interpretational issue is the use of auditory cues during ankle movements. This was purposely done to quantify behavioural performance (expressed as the motor frequency error), and also because it prevented patients from stopping to generate ankle movements during the dual task (which would have interfered with our paradigm). Externally cued movements mostly rely on cerebellar-thalamic-ventral premotor loops, while internally guided movements rely more on cortico-basal ganglia-thalamic loops (Toyomura et al., 2012; Hackney et al., 2015) . Thus, external cueing may have limited our ability to detect striatal dysfunction. However, this scenario does not fit our data: patients with Parkinson's disease showed significant motor-related activity in the dorso-posterior putamen, and did not have increased motor-related activity in regions outside the basal ganglia (e.g. in the cerebellum).
Third, by including older patients (age 4 60 years) with a history of (near) falls, we aimed to homogenize our sample and specifically target patients with Parkinson's disease with dual task deficits (which is a common cause for falls). For example, patients with young-onset Parkinson's disease have a clinical phenotype that is distinct from other subtypes (Lewis et al., 2005) , and other Parkinson's disease subgroups likely also have different patterns of cerebral dysfunction. While this approach might have increased the sensitivity of the study, the current findings cannot be generalized to the entire Parkinson's disease population. On the other hand, our findings are relevant for a large proportion of patients with Parkinson's disease: dual task deficits and falls are common among patients with Parkinson's disease, with 60 to 80% of the patients experiencing at least one fall per year (Tinetti et al., 1988; Wood et al., 2002; Kelly et al., 2012) and most falls occurring during walking (Mackenzie et al., 2006; Sartini et al., 2010; Kelly et al., 2012) .
Fourth, as in many scientific studies performed in patients with Parkinson's disease, our sample contained more males than females. This is only partly explained by the lower incidence of Parkinson's disease in females (Haaxma et al., 2007) . By including gender as a covariate in all analyses, and by having a control group with a similar proportion of females, we ruled out that our findings are driven by gender. However, the findings in this selected group of largely male patients cannot be extended automatically to the entire population of people with Parkinson's disease. Future studies should further investigate whether dual task deficits differ between males than females.
Fifth, our study was designed to test for altered cerebral activity in the striatum, and exploratory analyses did not reveal any group differences in the cortex. Given previous findings of altered cortical functional MRI responses during executive control tasks (Nagano-Saito et al., 2014; Gerrits et al., 2015; Trujillo et al., 2015) , we cannot exclude that these mechanisms may play an additional role in dual task impairments.
Finally, both patients and controls were measured on two different scanners, which may have led to increased variability. However, sequences used on both scanners were comparable, healthy controls and patients with Parkinson's disease were similarly divided over scanners, and control analyses verified that the findings are not driven by between-scanner differences.
Conclusions
The data show that dual tasking deficits in Parkinson's disease are associated with increased activity in the ventro-posterior putamen. This increased striatal activity reflects activity extending from task-related striatal areas into a region not involved in performing the individual constituent tasks. These striatal changes are driven by the dual task demands. Given the dopaminergic alterations of Parkinson's disease patients, this finding likely represents a dopamine-dependent loss of segregation between different cortico-striatal loops within the striatum. Loss of segregation within the striatum may cause a functional blurring between loops that normally process information in parallel, leading to dual task impairments. Future intervention studies may test whether increasing striatal segregation during dual tasking improves performance in patients with Parkinson's disease.
